As a part of a study of pollution of the air by motor vehicles, measurements have been made in two London road tunnels during periods of high traffic density. The concentrations of smoke and polycyclic hydrocarbons found there are much higher than the average values in Central London, but they are of the same order of magnitude as those occurring during temperature inversions on winter evenings when smoke from coal fires accumulates at a low level.
At the time of these studies the Blackwall Tunnel was norrrmally busier than the Rotherhithe and, because higher pollution was expected, most of our measurements were made there. There are corners and gradients to be negotiated in each tunnel and driving conditions are similar to those in highly congested streets. The composition of the traffic varies with the day of the week and with the time of day, and we took advantage of this fact to try to assess the separate contributions of petrol and diesel traffic to the pollution of the tunnel atmosphere. At all times there are fewer diesel than petrol vehicles, the proportion varying between about 2% on Sunday evening to over 30 % at noon on weekdays.
The Blackwall Tunnel ( Fig. 1 ) is 1,490 yards long and it connects the busy dock area around Poplar with Greenwich and the roads to the Kent coast. When opened in 1897 it was ventilated by four shafts, each 46 ft. in diameter, but fans had to be installed in them at intervals between 1922 and 1940 as the volume of motor traffic increased. The fans can be operated separately, but usually all are in use throughout the day, some are switched off in the evening, and all are off at night. The main requirement is to keep the concentration of carbon monoxide within reasonable limits, but this is sometimes difficult during prolonged hold-ups and drivers are warned to switch off their engines in these conditions. Smoke haze is usually visible in the tunnel and the atmosphere is often irritant to the eyes.
Fresh air is ducted to the centre of the tunnel and also enters at the ends. The extractor fans in shafts 1 and 4 draw air from each direction, but in practice the section between the centre of the tunnel and shaft 4 is poorly ventilated. The maximum emission of pollution occurs near the bends at the foot of each shaft, where large vehicles often have to halt and then pull away up the inclines. Strong winds blowing into the ends of the tunnel can alter the pattern of ventilation, but pollution appeared to be highest between shafts 3 and 4 or between 1 and 2. The sampling points were sited in one of the sections having high smoke pollution, their exact position being dictated by considerations of safety and accessibility. In the first series of experiments (1958) the samplers were placed on a shelf 7 ft. above pavement level at a point A (Fig. 1) , and in the second series (1959) they were placed on a similar shelf at point B.
The Rotherhithe Tunnel is 1,620 yards long and it connects Stepney and Bermondsey. It was opened in 1908 and fans were installed between 1924 and 1932. The general layout is similar to that of the Blackwall Tunnel, but the bends do not seriously interfere with the flow of traffic. During the period of this study the Blackwall Tunnel was closed throughout some week.ends wbilst alterations were being made to the approach road, and the Rotherhithe Tunnel then carried much extra traffic. On one of these occasions samples were taken there at a point between two of the shafts, where pollution was high, using a shelf mounted 7 ft. above pavement level as in the Blackwall Tunnel.
The pollution problems encountered in these tunnels duiing the period 1928 to 1931 when the ventilation systems were being redesigned have been discussed by Regan (1932) .
Traffic Counts
Throughout each of the experiments the flow of traffic was determined by observers standing inside or just outside the tunnel. The counts were divided into consecutive 10-minute periods, figures for each direction being recorded separately, but for most purposes the results were later expressed as vehicles per hour in either direction. Initially the vehicles were classified as "private" or "commercial" to give some indication of the proportion of petrol and diesel vehicles. Virtually all private vehicles have petrol engines and more detailed counts showed that approximately 50 % of the commercial vehicles using the tunnel had diesel engines. After studying the types of vehicles in common use and drawing up a list of features to aid rapid recognition of diesel vehicles it became possible to count "petrol" or "diesel" directly and all the figures in Tables 1 to 4 have been expressed in this form. An analysis of the results of these preliminary experiments showed that there was a general relationship between the concentration of each pollutant and the density of traffic, but the large number of variable factors precluded any attempt to discrimininate between the effects of petrol and diesel traffic. Big differences in the type or amount of traffic were attended by big differences in speed, and variations in wind speed and direction from one day to another were sufficient to cause differences in ventilation rate at our sampling point.
Further experiments were deferred until the summer of 1959, but in the meantime additional traffic counts were made and the pattern of pollution along the tunnel was checked visually on a number of occasions. High pollution was encountered more often at the southern end of the tunnel than at the northern, and the sampling shelf was moved to point B (Fig. 1) .
To minimize the effects of variations in ventilation rate a series of experiments was planned for a single day when there was a steady wind. It was found that on a normal week-day the number of diesel vehicles using the tunnel reached a maximum towards midday and the number of petrol vehicles was highest around 6 p.m. Arrangements were therefore made to sample continuously from 10 a.m. until 7 p.m. so as to include these two peaks. To avoid interference from domestic smoke the experiment was scheduled for a very warm day when few fires would be in use. The weather became fine and warm in early May and the experiment was carried out on Thursday May 14 when the outside temperature reached 700F. and the wind remained steady at about 5 m.p.h. from a north-easterly direction. An intensive study of pollution was made on this occasion and a team of four observers timed and counted traffic continuously. There would have been some advantage in continuing for a complete 24-hour period, but the experiments proved to be very arduous under the conditions in the tunnel, and with the staff available it was not practicable to continue any longer.
A final experiment was planned to cover an overnight period which we had not previously studied.
This was started during the evening of Sunday July 5, one of the hottest days of the year, and lasted until 10 a.m. on Monday. We were thus able to examine the pollution caused by a period of very heavy traffic, consisting mainly of private cars returning from the coast, followed by a quiet period during the night after which there was the morning rush hour. The flow of cars continued well into the night, but our hopes of sampling "pure" petrol engine pollution at that time were spoilt by the presence of a number of diesel-engined coaches. The wind remained steady at about 9 m.p.h., from a northerly direction during the course of the experiment, but there were some big changes in ventilation when the fans were switched off during the night.
In each of these experiments samples of smoke were taken, usually over periods of one hour, for the determination of polycyclic hydrocarbons, and in the later series (1959) Sampling and Analytical Methods The methods used were similar to those employed in the earlier experiments in bus garages (Commins et a/., 1957) . Samples of smoke were collected on weighed glass fibre filter sheets measuring 8 in. by 10 in. overall, using a Staplex high volume sampler. Each filter, after weighing, was extracted with cyclohexane for three hours in a Soxhlet apparatus and the yellow extract was reduced to small volume and transferred to a column of alumina. The hydrocarbons were separated chromatographically by elution with cyclohexane and determined spectrophotometrically (Commins, 1958) .
Where lead was determined, the filter was divided and a measured fraction of it extracted with nitric acid; an aliquot of this solution was extracted with a small excess of dithizone in chloroform and the excess dithizone removed by washing with ammonia-potassium cyanide solution (Harrold, Meek, and Holden, 1936) . The amount of lead in the extract was estimated colorimetrically by a comparison of the red colour of the lead-dithizone complex.
A recording infra-red analyser was used to determine carbon monoxide in the tunnel. Spot samples were collected in evacuated bottles and analysed later in the laboratory.
Oxides of nitrogen were collected by passing the tunnel air through sintered bubblers containing absorbing reagent (Saltzman, 1954) . Nitrogen dioxide was absorbed first and the nitric oxide was then oxidized and collected as NO2 (Thomas, MacLeod, Robbins, Goettelman, Eldridge, and Rogers, 1956 ). In the 1959 experiments samples were taken over hourly periods and the colorimetric determinations were made in the tunnel; in some earlier experiments "spot" samples were collected in evacuated bottles and analysed in the laboratory.
Results
The results from each of the experiments carried out during 1958 have been assembled in Table 1 Preis (1957) in a road tunnel in Zurich.
In Fig. 2 the relationship between the concentrations of pollutants and the traffic density is shown graphically. All values have been plotted as percentages of the mean for each series so that hourto-hour variations can be studied on a common basis. The densities of petrol and diesel traffic follow one another fairly closely during the earlier part of the day but in the evening there is a sharp difference between them. The curves have been grouped so as to separate those which show a pronounced rise during the evening from those which do not. The lead and carbon monoxide graphs (Fig. 2) certainly belong to the former category, and follow very closely that for the density of petrol traffic.
Tetra-ethyl lead is added to most petrol, and fine particles containing lead sulphate, lead bromide, and other compounds are emitted with the exhaust gases (Dettling, 1957) (Fitton, 1958) . We would therefore expect the concentrations of lead and carbon monoxide to vary with the amount of petrol traffic, and the similarity between the curves suggests that the density of petrol traffic is in fact a useful index of pollution from petrol-engined vehicles. The curve for coronene has also been included in this series, for it shows some rise in the early evening; the concentration of 1: 12-benzperylene also varies in a similar fashion. The concentration of smoke (Fig. 2) does not follow the density of diesel traffic very closely, but the association is certainly closer than with the density of petrol traffic, Since the emission of smoke varies widely with load it may be that the density of the traffic does not provide an adequate index of pollution in the case of diesel vehicles, but it would be difficult to define the operating conditions in the tunnel sufficiently to produce a better one. Variations in the concentration of pyrene and 3: 4-benzpyrene are also shown in Fig. 2 and the concentrations of fluoranthene and 1: 2-benzpyrene follow similar patterns. The concentration of anthanthrene varies rather irregularly.
The quality of the smoke can also be considered from the second part of The concentrations of pollutants cannot be related directly to the traffic densities throughout the 14 hours of this experiment, since the ventilation rate was varied during the night. The fans in shafts 2, 3, and 4 were switched off at 23 15 hours as the amount of traffic began to decline, and they were switched on again at 06-30 hours. Those in shaft 1 were switched off at 01 00 hours and on again at 05 30 hours. Around midnight the ventilation still appeared to be satisfactory at the sampling point, even with only one set of fans in operation, but there was a temporary increase in pollution soon after 01 00 hours when all the fans were off. Some brief periods of high pollution were also noticed shortly before all the fans were switched on again in the morning.
Broad comparisons can be made between the first three hours of the experiment and the last three. The density of petrol traffic was similar during these two periods, but there was great variation in the density of diesel traffic. The concentrations of smoke and of each of the hydrocarbons were higher when there were more diesels, and this is in accordance with earlier results, but the concentration of lead was also somewhat increased. Since lead is emitted only by petrol engines this unexpected finding may indicate that there were changes in ventilation due to varying winds or that the intermittent traffic flow during the morning period gave rise to a greater emission of lead per unit petrol vehicle than the smoother flow during the evening.
In general the smoke from this series contained smaller amounts of hydrocarbons (expressed as ,ug. per g.) than that collected in the earlier daytime experiment. This means either that the vehicles were emitting material which was weaker in hydrocarbons than before, or that a greater amount of extraneous dust was being picked up on the second occasion.
Particle Size Distribution of the Smoke During the course of the study observations weie being made on the size and shape of particles in the atmosphere of London, and a number of samples were collected for this purpose in the Blackwall Tunnel. The samples were collected on formvar films in a thermal precipitator and examined on an electron microscope. Nearly all the particles were small smoke aggregates, with a mass median diameter of approximately I ,u (Waller, Brooks, and Cartwright, 1961) . The form of the particles was typical of those produced by the incomplete combustion of hydrocarbon fuels. All were small enough to stay in suspension indefinitely and they were well within the respirable size range.
Discussion
The primary object of this investigation was to assess the magnitude of the problem of air pollution by motor traffic and in order to do this we worked in the most polluted places we could find. In these two tunnels we were able to study pollution by petrol and diesel vehicles in widely varying mechanical states and operating conditions, and the main object of the study has been achieved. and domestic chimneys also emit carbon monoxide and small quantities of lead but these sources are unlikely to contribute significantly to the concentrations occurring amongst heavy traffic. Brief, Jones, and Yoder (1960) have reported close correlations between the concentrations of these pollutants and the amount of traffic in the streets of a north-eastern United States city. These authors did not distinguish between petrol and diesel traffic, but the latter probably formed only a small percentage of the total. In Central London a substantial proportion of the traffic has diesel engines which can be discounted as emitters of lead and carbon monoxide. Our work in streets, garages, and tunnels leads us to support the suggestion of Wilkins (1956) that the current use of diesel engines in buses and heavy goods vehicles provides one explanation for the lack of any substantial increase in carbon monoxide concentrations in London streets over a period of 24 years, despite large increases in traffic. The relationship seen in our experiments between the concentration of smoke in the tunnel and the density of diesel traffic also seems reasonable. Williams (1961) has shown that "the smoke concentrations from road traffic on busy roads can be appreciable and, for short periods, can produce intense local pollution". In Table 4 the tunnel results have been summarized and compared with outdoor concentrations of smoke and hydrocarbons. The lowest pollution encountered in the tunnel has been tabulated together with the mean values for other periods; the morning "rush hour" figures refer to samples taken between 07 00 and 10 00 hours on week-days, the evening "rush hour" to samples taken between 16 00 and 20 00 hours, and the daytime figures to those taken between 1000 and 16-00 hours. December 3, 1957 ; the smoke on that occasion came mainly from domestic chimneys and a low temperature inversion prevented it from dispersing normally.
During the quietest period in the middle of the night the concentrations of most pollutants in the tunnel fall to the same order of magnitude as those in the ordinary London air. At other times, when there is heavy traffic, the concentrations of all pollutants measured in this study are much higher than the typical summer or winter levels in outdoor air. The concentrations during the morning and evening rush hours are similar to one another, despite differences in traffic composition. The maximum concentration of smoke occurs in the daytime, when the number of diesel vehicles is highest. The concentrations of most of the hydrocarbons are also highest then, but coronene and 1: 12-benzperylene, which appear to be associated rather more with petrol vehicles, show their highest concentrations during the rush hours. The concentration of carbon monoxide is highest on holiday evenings, when the number of petrol vehicles is at a maximum. The concentration of smoke and of most hydrocarbons is lower then than at any other busy time in the tunnel, although it is still many times the outdoor level.
Further comparisons within Table 4 show that all the concentrations of smoke and hydrocarbons in the tunnel are within the range found in ordinary London air. Those observed during busy periods can be regarded as similar to the concentrations of smoke and hydrocarbons found during temperature inversions on winter evenings in Central London. Catbon monoxide appears to be the only significant hazard; during the rush hours and on busy holiday evenings the concentration was generally over 100 p.p.m., which is the maximum allowed for continuous exposure in industry. Exposure to these concentrations for several hours may have perceptible effects and on several occasions during the course of these experiments the authors and their colleagues experienced headaches, fatigue, and general drowsiness after being exposed continuously for periods of three to 14 hours in the tunnel. Drivers are not normally exposed to these concentrations for more than 30 minutes in passing through the tunnel and no one else spends long there during the busy periods. Severe eye irritation was experienced at times, but the cause of this was not investigated. The oxides of nitrogen do not appear to present any special hazard. There is much more nitric oxide than nitrogen dioxide in the tunnel air. The concentration of the latter reached about 0-1 p.p.m. (Table 2) , which is well below the 5 p.p.m. permitted in industrial atmospheres. The physiological effects of nitric oxide have not been studied widely, but it can combine with the blood in the same way as carbon monoxide. The effects of oxides of nitrogen have been discussed by Katz, Rennie, and Jegier (1959) , who made measurements in a railway tunnel where diesel trains were operating; they considered that the concentrations of nitric oxide observed there (of the order of 20 p.p.m. in instantaneous samples) were not sufficient to form detectable amounts of methaemoglobin in blood. There is at present no reason to believe that the concentrations recorded in the tunnel (up to 1-4 p.p.m. in continuous estimations, but higher in some spot samples) would produce any effect on man.
Conditions in the Blackwall Tunnel aie expected to improve greatly when the twin tunnel now under construction comes into use. The existing tunnel will then be used for traffic in one direction only.
